This paper evaluates the economic impacts of initial and final charges of battery energy storage (BES) devices on dispatch solutions when used in a multi-day and recurring operation. Two new modeling methods are proposed that have the ability of capturing the impacts of initial and final charges: one has a 2-day rolling scheduling window; and the other is a proposed model with a single day scheduling window, but incorporates the economic impact of ending charges on the next scheduling day. Numerical simulations are presented to illustrate their characteristics in term of dispatch solutions and economic impacts.
Introduction
Battery energy storage (BES) devices have attracted high level of interests lately, largely due to the development of smart grid and renewables in electric system. With the declining costs of lithium-ion battery packs, government provided incentives and very favorable regulatory environment, coupled with the inherent advantages of lithium-ion BES devices of fast responses time, low leakages, low maintenances, longer lifetime, and high energy efficiency, they will likely remain the center of attentions for years to come.
The challenges, however, are plentiful in order to integrate BES devices into power system operations to achieve high level of economic efficiency, especially where electricity markets exist and economic benefits are the main considerations for BES owners. For example, without counting for the benefit of the ending charge of a scheduling day, an optimization-based solution will tend to deplete the charge of BES devices at the last hour, leading to potentially inefficient solutions when recurring daily operations are considered. Conceptually, BES devices are to be scheduled to maximize the overall benefits over an extended period. Technically, however, the measurements of benefits (net of market revenues and costs) in a scheduling model have to be limited to a finite period such as from 1 to 7 days. Depending on how many days the benefits are measured together, optimization-based model can result in different scheduling solutions. Furthermore, the optimal scheduling of BES devices also depends on the price forecasting which are difficult to perform as the lead time increases. In theory, the scheduling of BES devices is a multi-period, nonlinear optimization problem with price uncertainties. As will be discussed, by capturing the value of boundary conditions, i.e., the initial and final charges of BES devices for a scheduling day, our proposed model will allow addressing these challenges very effectively.
Many have studied the operations and scheduling of BES or similar storage devices. Pivec [1] reviewed the operation experiences in traditional BES facility over 2 decades ago, but without economic or markets considerations. Divya [2] discussed more recent developments in BES technologies and their applications in power systems. Dispatch solutions including bidding, market interactions, were discussed by Hao [3] , Tsai [4] and Hu [5] . These studies provided useful formulations to the BES dispatch problem. However, boundary conditions are not discussed explicitly for dayahead timeframes and simulation results show that dispatch solutions always have depleted the charges at the last hour of dispatch days [3 and 5] . Ahlert [6] studied impact of price forecast errors on the optimal scheduling and concluded that the forecasting errors do not have a significant impact to the overall benefits of BES devices. For scheduling operations, a simple circuit model having internal resistance and voltage source on a BES device level was presented in [7] . Studies on hydro pump scheduling had been conducted by Ferreira [8] , Lee [9] and Guan [10] , with applications of many innovative optimization algorithms such as Lagrange Relaxation and dynamic programming. Hydro pump stations resemble, to some degree, the BES devices in scheduling formulations and solutions. We note that the use of water value in hydrothermal coordination problem [8] , even though derived from the dual variable of the solution process, has inspired us on the use of end charge value in our proposed model. This paper investigates and proposes modeling methods to count for the initial and ending charges, and to improve the scheduling of BES over multiple periods. After describing the scheduling formulation of BES devices for a single day operation, we investigate the impact of the initial and ending charges in BES devices. As a result, we will present two modeling methods for counting for the boundary conditions: one is based on 2-day rolling window method and the other extends the single day model by including the benefits of the last hour charge of previous day. Simulation and example results are presented to illustrate the dispatch solutions and their salient features.
Dispatch Modeling and Solutions

BES Device Model
A BES device is composed of battery cells with a battery management system that updates the state of charge (SOC) and protects the battery cells. A BES device is typically modeled with a circuit model that consists of an internal resistance R I and an internal voltage source Vo(SOC) that is a function of the SOC for BES operations. The losses are represented by energy consumption of internal resistance R I . R I can be temperature dependent. The model ignores leakage resistances and capacitances commonly used in a battery model because, for energy storage application, we are concerned only with the steady state of the system: transient responses at second-by-second level need not to be considered for hourly solutions.
Single Day BES Scheduling Model
As discussed in [3 and 7] , a BES device is similar to hydro reservoir. However, there are two major differences between them. First, the energy losses are nonlinearly related to the charging and discharging currents in the BES model used while water evaporation in hydro reservoir is not directly usage related. Second, BES devices have much fast rate of discharging and thus provide quick responses. BES devices can be used to provide regulation and spin-reserve services to increase power system reliability.
Under a typical wholesale market arrangement in North American, power system resources are scheduled at dayahead timeframe. A BES device is a resource that is capable of providing energy and various ancillary services (AS). The typical ancillary services include regulation, spin reserve, and non-spin reserve. Additional services may include demand responses or reactive power. In this paper, we evaluate dispatch strategies using only energy and regulation for simplicity. The formulation can be modified to include spin and non-spin reserve capacities in practical applications. The operational relations and constraints are shown in (1) to (6) .
The kW output, losses and stored energy are related by (1); losses and current loading by (2); charging and discharging limits by (3); stored energy limit by (4) . Equations (5) and (6) dictate that the available regulation capacity (up and down) are determined by the stored energy at the proceeding hour:
The objective function for a single day scheduling problem is the accumulation of benefits over a 24 hour period:
h=1 to 24
where P x (h), Pu(h) and P d (h) are the prices for energy and regulation-up and regulation down, respectively. Note that kW energy output X(h) can be negative when in charging mode. In the single day model, the initial condition of charge for the single day is fixed.
Multi-Day BES Scheduling Models
In practice, BES devices are scheduled recurrently with a typical scheduling period of being 24 hours. The final charge in Kwh left in the BES becomes the initial charge for the next scheduling day. In the single period scheduling formulation, the objective is to maximize the economic benefits of a scheduling period. Consequently, the optimization based model will always to deplete the charges at hour 24 in order to achieve optimality.
We discuss two models that can be used in the recurring daily operations. Figure 1 depicts the relationship of the ending charge of scheduling period P 1 and the initial charge for the next scheduling period P 2 . The state of charge at the end of scheduling period P 1 automatically becomes the initial charge for period P 2 . The ending charge at P 1 will result in additional economic benefits for P 2 or later. However, the benefit for P 2 depends on the input data as well as the ending charge for period P 2 . Clearly, this sequence can continue indefinitely. This cascading property above indicates that the optimality of the current scheduling operation depends on forecasted data of future periods, at least theoretically. In practice, we have to limit this interdependence to a manageable level. One of natural ways to deal with this problem is to model and solve the problem with multiple periods together. As the longer scheduling periods are used, the impact of ending charge of the first day is expected to diminish. The negatives of adding more scheduling days in the model are also obvious: more decision variables and more complex problems are to solve in addition to the uncertainties of the price forecasts for longer lead time.
The first model to address the recurring scheduling problem in this paper is a 2-day rolling model. As shown in Figure 1 , scheduling solution for P 1 is obtained by optimizing the total benefits of period P 1 and P 2 . The ending charge at the end of P 1 is used as the initial conditions for P 2 . Similarly, scheduling solution for P 2 is obtained by optimizing the total benefits of period P 2 and P 3 in a rolling manner.
The second model that this paper proposes is an extension to the single day model to count for the relation of current scheduling period with the future scheduling period. We introduce an "ending charge value" concept to account for the benefits for the future period. Under this approach, scheduling solution for P 1 is obtained by optimizing the benefits of period P 1 as well as the "ending charge value". In other word, the optimization objective for P 1 includes two components:
1. Economic benefit for hours in P 1 as in (7), and 2. Economic benefit for future periods (i.e., the product of the ending charge with the ending charge value).
This ending charge value method is inspired by the "water value" approach commonly used in hydro reservoir scheduling approach [8] . The ending charge value can be obtained via sensitivity analysis. In Figure 1 , for example, we see that the ending charge value in P 1 needs to be evaluated based on the model and data for P 2 and later periods, which is intractable in practice. Thus we envision that end value for P 1 can be obtained by approximate method of using the model and data for P 2 only. By varying the initial charges for P 2 , we can compute the ending charge value as the difference of the benefit for P 2 for a per unit change of initial charges. Note that the ending charge value is not simply the price for the first hour of next period. The advantage of the proposed method is the simplicity of dealing with the complex interaction with the future scheduling solution. As will be demonstrated, the method is sufficiently accurate over a scheduling month, making it practical for actual use.
Simulation Examples and Results
This section describes numerical simulation results of dispatch models as discussed in the last section with parameters from a typical BES device. We assume a pricetaker arrangement when bidding is concerned. The goals of performing the simulations are to investigate and quantify the impact of boundary conditions of BES devices, demonstrate the applicability of the proposed modeling methods and present some observations of dispatch patterns from the results.
Market Cases and Dispatch Models
The simulations are performed using the two market cases and three model sets. The market cases relate to the market products and prices data: (5) to (7), use actual prices as forecasts and compute the optimal solution algorithms using the three models as described next.
Research shows [6] that the price forecasting errors do not have a significant impact to the overall benefits of a BES device.
Energy and AS Market
Case. This is a combined case of energy and AS by taking full advantages of the regulation capacity and energy prices and their interactions. We specifically take into account two AS products: regulation up (RU) and regulation down (RD). The RD and RU capacities are dynamically determined as the charge and discharge will impact the capacity as in (5) and (6) . In addition, we limit both RD and RU regulation capacities to 10 kW to avoid excessive operational fluctuation in real-time operation due to frequent change of regulation signals.
Three dispatch models are used in the simulations: two models were discussed in the last section to include the boundary charges, and one model without consideration of the boundary conditions for comparison purpose.
1. Basic model for a single day. The objective function is described in (7). There is no initial charge in this model. 2. 2-day rolling model. The objective function is described in (7) except that hours in two day periods are used. The initial charge of the day is the ending charge of previous day. While the model has 2 day scheduling window, only the first day's results are used. For the last day of the simulation window, we extended extra day with the same prices as the previous day. 3. Ending charge value model for a single day. The objective function is described in (7) plus the product of the ending charge with the ending charge value. The ending charge value for each operating day is derived by computing the sensitivity of the benefit to the initial charge using the basic model and data for the next day.
Consequently, there are six simulation scenarios with the above two market cases and three models used. The solutions are obtained using optimization engine in the form of hourly schedules in kW and up and down regulation capacities. It is helpful to distinguish the benefits reported below and optimal objective function for each simulation scenario. For the basic model, they are the same. For the 2 day rolling model, the objective function gives the benefit over 2 day periods and reported solution benefit is from the first day only. For the ending charge value model, the objective function includes the reported benefit of the scheduling day plus additional component reflecting the economic benefit of the ending hour charge for the next day.
Battery Pack Market Data
The BES device used is based on the specification of the AEP community energy storage devices [11] , i.e., 25 kW power and 75 kWh energy capacities, with nominal DC voltage at 467 volt and current at 160 Amp. The battery parameters are based on manufacture specifications [12] . We obtained the market data from the California ISO for the period of November, 2010. Hourly prices include the dayahead market LMP for energy, regulation up (RU) and regulation down (RD) prices.
Simulations Results
We present three groups of simulation results in this paper. We first investigate the impacts of initial charges of the BES device. Then we examine the results of the six market scenarios (combination of two market case and three models) based on the daily benefits. Lastly, we zoom in the dispatch results into the simulated hourly dispatch patterns and discuss and contrast the dispatch results.
In the first simulation, we vary the initial charges for the two market cases using a single-day basic model to compute a trajectory of total daily benefits. Figure 1 shows the plots of these benefits in dollars as a function of the initial charges for operating day of November 30, 2010. Note that 100% of initial charge corresponds to 75.25 kWh. As expected, the benefits increase as the initial charge increases. We see that with combined energy and AS case, the benefits are higher. The approximate sensitivities of the daily benefits over the initial changes are around about $34.48 per MWh (or $0.0345 per kWh) for energy only model and $35.55 per MWh for combined energy and AS model. These sensitivities are computed as the ratio of the incremental benefits change over the initial charge change. The results demonstrate the economic impacts of the initial charges in the BES device and the computational method.
Second, we solve for optimal schedules for the entire month of November 2010 using the three models. Table 1 and 2 summarize the net daily benefits and the initial charge solutions for the six sets of simulation, stemming from a combination of the two market cases and three models. The daily benefits listed are not the same as the optimization objective function values except for the basic model, as discussed in Section 3.1. Initial charge is in kWh and benefit is in US dollars. Some observations can be made from the results: 
Impact of Initial Charge
Benefit Energy + AS Benefit Energy Figure 2 : Relation of the Benefits to the Initial Charge 1. The 2-day rolling model has the highest overall benefits for both market cases with a net of $49.10 for energy only case and $111.68 for the combined case. However, the ending charge value model closely follows the 2-day rolling model with the difference of total benefits being 0.1% and 0.15% for the two cases. The benefit difference between the basic model and the 2-day rolling model is 1.42% and 1.19% for the two cases. 2. As expected, the combined market case with energy and AS provides much more benefits to BES owners as compared with the energy-only case. This is consistent with the observations that benefits of BES devices are limited if only from the energy price differences between peaks and valleys. It is important for BES owners to be able to supply AS to markets in order to become competitive resources. The negative side of participating AS markets is more complex modeling and price forecasting requirements. 3. Regardless of the models used, there are several consecutive days in which the solutions result in depleted charge at the end of the day (SOC=0). In these days, the solutions will be the same for all three models provided that the initial charges are also zero. 4. We note that the benefits of the three models cannot be simply compared day by day because the initial and ending charges shift the benefits among different scheduling days. Intuitively, however, we can compare them for some consecutive days where there are conditions both the initial and final charges are 0. For example, we can examine the solutions for 11/21 to 11/23 of the energy-only case in Table 1 . While the benefit for each day varies, the combined benefits tell a different story: the total benefits of the three days are $6.9147, $6.9091 and $6.8679 for the 2-day rolling, ending charge value and basic modes, respectively.
While the 2-day rolling model does not represent the true optimal (which will require optimizing the schedules for 30 days together in our example), we can be fairly confident that the ending charge value method is a good approach for obtaining recurring solutions and should be reasonable for practical implementation.
Lastly, we turn to examining the hourly dispatch patterns to study more detailed behaviors of the proposed solution.
We zoom into the hourly simulation results of the energyonly market case for Nov 8 and 9, chosen because there is no ending charge left on 11/07. Table 3 lists the hourly dispatch and energy storage results for these 2 days. Figure 2 plots the hourly dispatch of the three solutions starting from hour 20. The positive value of kW output is for discharge. 1. We note that for both the ending charge value and 2 day rolling models, the benefits for 11/08 are much less as the expected prices are higher for 11/9. As a result, the battery is fully charged at the end of 11/08. With the basic model, no charge is left on hour 24. 2. From hours 1 to 21 on 11/08, the dispatches solutions are the same. Starting from hour 22 on 11/08, the solutions of the basic model depart significantly from the ending charge value and the 2-day rolling methods, which are close.
